The aggregation of human amylin (hA) to form cytotoxic structures has been closely associated with the causation of type 2 diabetes. We sought to advance understanding of how altered expression and aggregation of hA might link ␤-cell degeneration with diabetes onset and progression, by comparing phenotypes between homozygous and hemizygous hA-transgenic mice. The homozygous mice displayed elevated islet hA that correlated positively with measures of oligomer formation (r‫;19.0؍‬ P<0.0001). They also developed hyperinsulinemia with transient insulin resistance during the prediabetes stage and then underwent rapid ␤-cell loss, culminating in severe juvenile-onset diabetes. The prediabetes stage was prolonged in the hemizygous mice, wherein ␤-cell dysfunction and extensive oligomer formation occurred in adulthood at a much later stage, when hA levels were lower (r‫;06.0؊؍‬ P<0.0001). This is the first report to show that hAevoked diabetes is associated with age, insulin resistance, progressive islet dysfunction, and ␤-cell apoptosis, which interact variably to cause the different diabetes syndromes. The various levels of hA elevation cause different extents of oligomer formation in the disease stages, thus eliciting early-or adult-onset diabetes syndromes, reminiscent of type 1 and 2 diabetes, respectively. Thus, the hA-evoked diabetes phenotypes differ substantively according to degree of amylin overproduction. These findings are relevant to the understanding of the pathogenesis and the development of experimental therapeutics for diabetes.-Zhang, S., Liu, H., Chuang, C. L., Li, X., Au, M., Zhang, L., Phillips, A R. J., Scott, D. W., Cooper, G. J. S. The pathogenic mechanism of diabetes varies with the degree of overexpression and oligomerization of human amylin in the pancreatic islet ␤ cells. FASEB J. 28, 000 -000 (2014). www.fasebj.org
One of the main pathological hallmarks of type 2 diabetes is the presence of islet amyloid deposits composed primarily of human amylin [hA; also called islet amyloid polypeptide (IAPP); refs. 1, 2] . hA is a 37-aa peptide that is normally soluble and is cosecreted with insulin from islet ␤ cells in response to physiological stimuli (3, 4) . It exhibits innate physicochemical properties that predispose it to aggregate and form fibrils in physiopathological conditions such as type 2 diabetes (5-7). These processes are linked to the triggering of ␤-cell apoptosis and are thought to play a role in the causation and progression of ␤-cell destruction in type 2 diabetes (8) (9) (10) . In contrast, murine amylin (mA) is nonfibrillogenic and displays no cytotoxicity toward ␤ cells (5, (11) (12) (13) . Therefore, to study the cytotoxic and diabetogenic properties of hA in vivo, it is necessary to generate hA transgenic rodents. The exact processes that lead hA to aggregate in patients with diabetes remain incompletely understood.
There is substantive evidence, from studies in cultured ␤ cells and islets, as well as in vivo studies in transgenic mice, that fibrillogenic hA elicits apoptosis via activation of several cell-signaling pathways (8, 10, 14 -16) . Aggregate membrane interactions may be necessary to trigger the apoptotic process (10) . Several death-signaling or -inducing molecules, including Fas, FasL, and FADD, have been shown to contribute to ␤-cell destruction (17) . In addition, activation of pathways comprising caspases-8 and -3, JNK1, and p38 kinase (18 -21) , along with membrane disruption and pore formation (22) , increased ER stress, and oxidative stress, have all been implicated in the pathways that lead to or cause hA-evoked ␤-cell apoptosis (23) (24) (25) (26) .
Recent studies of the cytotoxicity of hA have provided evidence that soluble oligomers and aggregates formed from hA could be more cytotoxic than mature fibrils (12, 14, 20, (27) (28) (29) and may act as novel targets for therapeutic intervention. The aggregation potential of hA determines its cytotoxicity to ␤ cells (27) . However, there is also contradictory evidence against the hypothesis of oligomer-mediated toxicity (30, 31) . Some have argued that there is insufficient evidence at present to prove conclusively that the oligomers act as the sole or even the most important culprit (16) . Therefore, more direct evidence concerning the cytotoxicity of hA in oligomeric form is needed to better understand its role in the mechanism of ␤-cell death.
Various rodent models transgenic for hA have been developed to enable investigation of the in vivo effects of hA overexpression in oligomer aggregation and amyloid fibril formation and its consequent impacts on islet cell function, systemic metabolic regulation, and the pathogenesis of diabetes (15, 24, 28, (32) (33) (34) (35) (36) (37) (38) (39) . It has been reported that elevated production of hA in mouse and rat islet ␤ cells may not always be sufficient to cause islet degeneration and diabetes and that additional factors may initiate islet amyloid formation and disease onset and progression (15, 32, 34, 35, 37, 40) .
We generated a line of hA-transgenic mice in which hemizygous animals develop spontaneous diabetes leading to progressive ␤-cell loss with very high penetrance (Ն90%). More severely affected individuals, namely those with early-onset diabetes, do not necessarily have detectable islet amyloid at all during their diabetic syndrome, pointing to the existence of a cytotoxic stimulus other than mature fibrils (38, 39) . However, the potential roles of toxic oligomers in ␤-cell death (loss) and the development of diabetes in these animals have not been investigated.
Here, we report our detailed characterization of this transgenic line by comparison between hemizygous and homozygous transgenic animals. The latter were found to express higher levels of hA and manifest a much earlier onset diabetic syndrome than were the hemizygous individuals. These findings demonstrate a gene-dosage effect in hA-elicited diabetes. We also asked whether there is evidence of formation of hA oligomers in the islets of homozygous or hemizygous transgenic animals without the concomitant presence of microscopic amyloid deposits; whether evidence of hA oligomers manifests within or without ␤ cells; and how evidence of their formation might relate temporally to pancreatic hormone levels, ␤-cell dysfunction, systemic metabolic regulation, and the onset and progression of diabetes.
MATERIALS AND METHODS

Animals
All experiments were approved by the Animal Ethics Committee of the University of Auckland, and the study was performed according to the Guide for the Care and Use of Laboratory Animals (41) .
We used a line of FVB/N mice transgenic for hA cDNA (designated L13) that express the hormone almost exclusively in their islet ␤ cells (38, 39) . The transgene is expressed under the control of the rat insulin 2 promoter (38, 39) , and different lines created by separate pronuclear injections have similar phenotypes, excluding insertional mutagenesis, as an explanation of the observed diabetes phenotypes. In this study, male animals were used in all experiments to avoid the untoward variability introduced by the estrous cycle in females. They were generated from (ϩ/Ϫ) ϫ (ϩ/Ϫ) crosses and weaned on d 21 after birth, and glucose and body weight (BW) were monitored twice weekly thereafter. All the animals were genotyped by quantitative polymerase chain reaction (qPCR) of tail-tip DNA, to identify homozygous or hemizygous mice, and their respective nontransgenic littermates were used as age-matched controls for all experiments (38) .
Diabetes was diagnosed when casual blood glucose levels were Ͼ11 mM on 2 consecutive measurements Ն3 d apart (41) . Classic symptoms of diabetes, such as moderate polyuria and polydipsia, begin to appear in these mice when their glucose levels are Ͼ11 mM. All genotyped transgenic and nontransgenic littermates were killed at the stated stages of diabetes (prediabetes and early-, mid-, late-or end-stage disease, respectively), as determined by the tail-vein nonfasting blood glucose measurements detailed below.
The stages of diabetes were defined as follows.
Prediabetes
Blood glucose values were significantly higher than those in matched nontransgenic controls but insufficient to support the diagnosis of diabetes (Յ11 mM). In all experiments, the mice were used only after they were weaned; although prediabetes may be present in homozygous mice during the suckling period, lactation may interfere with interpretation of data and was thus avoided.
Early diabetes
Stage occurred at and soon after disease onset, when blood glucose values were typically in the 11-14 mM range.
Mid-diabetes
Blood glucose values were typically in the 18 -22 mM range.
Late diabetes
Blood glucose values reached Ն28 mM, but terminal signs were absent.
End diabetes
The terminal stage of the disease, when animals maintained blood glucose levels of Ն33 mM but, in addition, displayed Ն1 of the following characteristics, thereby meeting predefined and approved criteria for euthanasia: loss of 20% of BW and/or absence of exploratory behavior, loss of relative immobility, or failure to groom.
Intraperitoneal glucose and insulin tolerance tests
For the intraperitoneal glucose tolerance test (IPGTT), mice were denied access to food overnight (16 -18 h); thereafter, glucose was administered at 2 mg/g BW. Blood glucose values were determined (Accu-Chek Advantage II; Roche Diagnostics, Mannheim, Germany) before injection and at specific time points thereafter. For the intraperitoneal insulin tolerance test (IPITT), soluble insulin (0.5 mU/g BW; Actrapid; Novo Nordisk, Baulkham Hills, NSW, Australia) was administered after 6 h of food withdrawal (38) .
Serum and pancreatic hormone measurements
Serum was separated from whole blood, and pancreatic extracts were prepared from snap-frozen tissues obtained from animals in the different stages of diabetes by using the acid/ethanol method (38) . sections/mouse, and 4 mice/group were examined. The specificity of immunofluorescence signals was confirmed by preincubation of each antibody used, with a 5-10 fold excess of the corresponding antigen solution (results not shown).
Reverse transcription-qPCR (RT-qPCR) analysis
Total RNA was extracted from the pancreas by using an RNeasy mini kit (Qiagen, Tübingen, Germany), and cDNA was prepared with a Transcriptor First Strand cDNA Synthesis kit (Roche Applied Science). RT-qPCR was then performed with LC480 SYBR Green-I MasterMix on an LC480 LightCycler System (Roche Applied Science), and data were analyzed using the relative quantification method, as described in the manufacturer's instruction manual. qPCR data were normalized to the geometric mean of the optimal reference genes (Ppia, Gapdh, Hprt1, and U2af), evaluated as described in the minimum information for publication of quantitative realtime PCR experiments (MIQE) guidelines (42) . The qPCR primers used are shown in Table 1 .
Quantitative histomorphometry
Pancreatic sections were stained with hematoxylin and eosin, and cross-sectional islet areas and total pancreatic areas were determined by light microscopy with image analysis software (Axio-Vision 2; Zeiss). ␤-Cell mass was estimated according to the method of Bonner-Weir (38, 43) , based on the total pancreatic weight and relative volume (derived from percentage islet area) of the ␤ cells, wherein the pancreatic weight is equated to pancreatic volume under the reasonable assumption that 1 cm 3 tissue weighs 1 g. The percentage of islet area occupied by oligomer staining was determined by fluorescence microscopy, and ImageJ software (U.S. National Institutes of Health, Bethesda, MD, USA, USA; http://rsbweb.nih.gov/ij/) was used to analyze immunofluorescence-stained sections labeled with a widely used, oligomer-specific antibody (A11; Chemicon). At least 4 islets/section, 2 sections/mouse, and 4 mice/group were examined.
Statistical analysis
All data are presented as means Ϯ sem. Differences between experimental groups were analyzed with the unpaired, 2-tailed Student's t test or ANOVA (Prism 5; GraphPad, San Diego, CA, USA), with post hoc tests as appropriate and significance set at P Ͻ 0.05. Correlation analysis was performed to calculate the correlation coefficient (r) and P values. 
RESULTS
Impaired glucose tolerance and altered insulin responsiveness occur before the onset of diabetes in homozygous hA-transgenic mice
The homozygous L13 hA-transgenic mice developed diabetes as early as 24 d of age (Fig. 1A) ; by contrast, the hemizygous mice developed diabetes only after they had become adults, consistent with prior reports (38, 39) . The IPGTT performed during the earlystage diabetes period revealed fasting blood hyperglycemia compared with the nontransgenic littermate controls (homo, 7.4Ϯ1.0 vs. 4.1Ϯ0.5 mM, PϽ0.01; hemi, 7.8Ϯ0.9 vs. 4.8Ϯ0.6 mM; PϽ0.01; nϭ10/group) and impaired glucose tolerance (IGT) in both the homozygous and hemizygous animals (Fig. 1B ). The homozygous mice had serum and pancreatic insulin levels equivalent to control values in the nontransgenic littermates in the early stage of disease development (Tables 2 and 3 ). By contrast, the hemizygous mice showed significant decreases in insulin levels, as compared to their age-matched, nontransgenic control littermates, consistent with impaired ␤-cell function. In addition, IPGTT during the prediabetic stage (before disease onset) also demonstrated IGT in both the homozygous and hemizygous mice (Fig. 1C) . However, fasting blood insulin values were increased during IPGTT in the homozygous animals compared with those in the nontransgenic controls (t 0 61.2Ϯ12.6 vs. 29.2Ϯ9.6 pM; PϽ0.01; nϭ9/group), whereas the hemizygous mice retained normal fasting blood insulin levels equivalent to those in the age-matched controls during the prediabetic stage (t 0 62.4Ϯ13.6 vs. 76.8Ϯ19.4 pM; Pϭnot significant; nϭ10/group). The presence of elevated levels of fasting and nonfasting circulating insulin (Table 2) in the presence of IGT in the homozygous mice was consistent with insulin resistance in these animals. There were thus important differences in insulin responses between the homozygous and hemizygous mice during the prediabetes stage. Furthermore, IPITT in the hemizygous mice during the prediabetes stage (Fig. 1D ) demonstrated sensitive systemic responses to insulin, consistent with the absence of insulin resistance, as we have reported (38) . By contrast, homozygous mice were clearly less responsive to insulin administration during the IPITT (Fig. 1E) , consistent with decreased insulin sensitivity. These results indicate that insulin resistance may be a significant pathogenic factor in the triggering of diabetes in homozygous L13 mice. Thus, the homozygous animals develop early-onset diabetes through mechanisms that differ in significant respects from the mechanisms of its development in adult hemizygous animals of the same transgenic line.
hA oligomerization and its correlation with pancreatic hA levels
We have determined by qPCR that individual homozygous hA-transgenic mice (L13) possess 74 Ϯ 4 copies of the transgene, whereas corresponding hemizygous individuals have 36 Ϯ 7, as previously reported (39) . In the current study, serum and pancreatic levels of hA in the homozygous mice in prediabetes and early diabetes were generally about Time course of development of diabetes in homozygous (homo) mice compared with corresponding age-matched nontransgenic littermate controls (homo-co); n ϭ 15/group. B) IPGTT performed in the early stage of diabetes in homozygous (homo) and hemizygous (hemi) mice and corresponding agematched nontransgenic littermate controls (homo-co or hemi-co, respectively; nϭ10 -12/group). C) IPGTT performed in the prediabetic stage; n ϭ 10 -12/group. D) IPITT in the prediabetic stage in hemizygous mice and corresponding age-matched nontransgenic controls (nϭ10/group. E) IPITT in the prediabetic stage in homozygous and corresponding age-matched nontransgenic controls (nϭ10/group). All values are means Ϯ sem. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 vs. nontransgenic controls.
2-fold higher than those in the hemizygous mice at the comparable disease stages, although the homozygous mice were much younger in chronological age (Tables 2 and 3) . By the mid-diabetes stage, however, hA levels had decreased to equivalent values, and they subsequently fell to lower levels during the late-diabetes stage. These results are consistent with the immunohistochemical evidence ( Fig. 2A, B) , which showed a rapid loss of hA-positive islet cells during disease progression in the homozygous mice.
hA was unmeasurable in the end-stage mice and in the nontransgenic control mice at any stage (Fig.  2C) .
We next asked whether hA oligomers might form in vivo and how this process might correlate with the levels of hA expression as diabetes progressed. In doubleimmunofluorescence studies (Fig. 2) , performed using antibodies specific for oligomeric hA (24, 44) , all (that is, with 100% frequency) transgenic islets displayed signs of oligomer formation. This signal is herein Male animals were used in all experiments. Hormone levels are means Ϯ se (pM). Levels of mA were determined by subtraction of hA from total amylin (hAϩmA). Homo-co, homozygous control; hemi-co, hemizygous control; ND, not detected. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 vs. nontransgenic control; ϩϩϩ P Ͻ 0.001 vs. hemizygous mice (n ϭ 8-10).
designated AOLIM, to differentiate it from that due to hA in its nonmisfolded, physiological conformation. Islet morphometric analysis showed that a maximum amount of ϳ30 -40% of total islet area displayed AOLIM (Fig. 3A) and that it was associated with higher levels of pancreatic hA in prediabetes and early diabetes in homozygous mice ( Figs. 2A and 3B ). By contrast, AOLIM was densest during mid-and late-stage diabetes in hemizygous mice (Figs. 2B and 3A) , when pancreatic hA levels had already declined, indicating that the extent of AOLIM did not correlate positively with hA levels in the hemizygous animals (instead, it was inversely correlated; Fig. 3C ). These results may point to different roles of AOLIM during pathogenesis in the homozygous and hemizygous animals. In addition, no AOLIM was detected in the islets of any of the nontransgenic mice (Fig. 2C) , indicating that the antioligomer antibody detects a signal that is present only in transgenic islets; moreover, preincubation of this antibody with a preparation of hA oligomers (prepared as described in ref. 27 ) completely abolished the AOLIM signal (data not shown), consistent with the specificity of this antibody for hA oligomers, as opposed to nonaggregated hA.
Notably, levels of endogenous mA in the homozygous mice were significantly higher (2-5-fold) than in the littermate controls during prediabetes and earlystage diabetes (Tables 2 and 3) , consistent with previous findings in the hemizygous animals (38) . In addition, increased circulating glucagon levels were present in both the homozygous and hemizygous mice but only during their respective end-diabetes stages (Table 2) , whereas by contrast, pancreatic glucagon levels remained equivalent to nondiabetic control values at all disease stages (Table 3) . Thus hyperglucagonemia is a manifestation of end-stage diabetes syndromes in both homozygous and hemizygous hA-transgenic mice, which occurs as a result of diabetes and is thus not causal thereof.
Role of hA oligomerization in ␤-cell dysfunction and impaired insulin responses
Since the time at which AOLIM staining increased did not necessarily correlate with the highest levels of hA expression, we examined the correlation between AOLIM and insulin expression (Fig. 4) . AOLIM correlated with pancreatic insulin levels, as it did with hA levels. Almost all the AOLIM signal was localized within or adjacent to insulin-positive cells, and dense AOLIM was present during the hyperinsulinemic phase in the prediabetic homozygous mice (Fig. 4A) , whereas the Table 2 . Data are means Ϯ se. Hormone levels (ng/mg pancreas) were normalized to pancreatic wet weight. Levels of mA were determined by subtraction of hA from total amylin (hAϩmA). Homo-co, homozygous control; hemi-co, hemizygous control; ND, not detected. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 vs. nontransgenic control mice.
ϩϩ P Ͻ 0.01, ϩϩϩ P Ͻ 0.001 vs. hemizygous mice (nϭ8 -10).
maximum AOLIM staining in the hemizygous mice was associated with lowered insulin levels during mid-and late-stage diabetes (Figs. 4B and 5A) .
We next studied the correlation of hA levels with ␤-cell dysfunction, as shown by alterations in glucose responses and insulin expression. Double-immunofluorescence staining demonstrated that hA-positive cells were mostly insulin-producing ␤ cells, with two discernible populations displaying apparently different intensities of insulin staining (Fig. 5B) . Densely insulinstained cells were more abundant in the homozygous animals during prediabetes. Both serum and pancreatic insulin levels declined markedly, along with hA hormone levels, during the later stages of disease progres- sion, consistent with the ongoing disappearance of hA-positive ␤ cells. These results are consistent with correlation analyses showing that serum insulin levels correlated well with serum hA and mA levels in the homozygous and hemizygous mice in the different disease stages (Fig. 4C-F) .
Analysis by RT-qPCR of the expression of ␤-cellspecific genes at the time of diabetes onset in the hemizygous mice showed significant decreases in islet mRNA levels corresponding to insulin 1 (Ins1), insulin 2 (Ins2), mA (Iapp), glucose transporter 2 (Glut2), and glucokinase (Gck) (Fig. 6A) , indicating deficient mRNA expression of ␤-cell hormones and glucose-responsive genes from the ␤-cell secretory pathway. By contrast, mRNA levels of all these genes were not different from the control values in homozygous islets at the comparable stage (Fig. 6B) .
Temporal correlation of amylin oligomerization with ␤-cell death and disease onset
We compared the time at which the maximum hA oligomerization occurred in the islets of transgenic mice to the timing of diabetes onset and signs of ␤-cell death. ␤-Cell death by apoptosis was detected by double-immunofluorescence staining of active caspase-3 with insulin or AOLIM (Fig. 7) . Active caspase-3 was colocalized to the cell bodies of insulin-positive cells (Fig. 7A) , indicating that apoptosis occurred selectively in insulin-containing ␤ cells. Furthermore, active caspase-3 was detectable during the prediabetic stage in the homozygous mice (Fig. 7B ), mostly correlating with the peak time of occurrence of hA oligomerization (Fig. 3A) . In the hemizygous mice, active caspase-3 was not detected during early-stage diabetes, but was increased during the mid and late stages, when AOLIM was abundant (Fig. 7B) . This finding also correlated with the peak time occurrence of hA oligomerization in the hemizygous animals ( Fig. 3A) and is consistent with the idea that AOLIM formation could contribute mainly to the ␤-cell death and disappearance occurring in the islets during the development of diabetes.
To further elucidate the mechanisms of ␤-cell death in vivo and possible roles of hA oligomerization, we also performed quantitative histomorphometry to measure islet ␤-cell mass at different stages of disease. Figure 8 shows that there was a significant decrease in ␤-cell mass soon after disease onset in the homozygous mice (Fig. 8A) ; by contrast, an equivalent decline did not occur until after mid-stage diabetes in the hemizygous mice (Fig. 8B) .
DISCUSSION
Spontaneous diabetes develops in hemizygous hA-transgenic mice (L13) through a mechanism that appears to be independent of insulin resistance and the presence of islet amyloid (38, 39) . We report our detailed phenotypic characterization of homozygous hA-transgenic mice, by comparison and contrast with corresponding hemizygous mice from the same line regarding hormonal responses, hA oligomerization, islet ␤-cell function, and disease onset and progression. We show that overexpression of hA in juvenile homozygous mice leads to or causes glucose intolerance and diminished insulin sensitivity associated with concomitantly increased basal and fasting insulin levels in the prediabetic stage, consistent with the presence of insulin resistance that was, however, self-limited by the rapid Figure 3 . Severity of hA oligomer formation and its correlation with pancreatic hormone levels. A) Percentage of islet area stained with AOLIM was estimated by quantifying the AOLIM-positive area within each islet by using ImageJ software. At least 4 islets/section, 2 sections/mouse, and 4 mice/group were examined. Results are means Ϯ sem. *P Ͻ 0.05. B) Correlation of AOLIM with pancreatic hA levels in homozygous mice. C) Correlation of AOLIM with pancreatic hA levels in hemizygous mice. Correlation coefficients (r) and P values, the latter indicating whether slopes are significantly different from 0, are as stated in each graph (B, C; nϭ9/ group).
and progressive ␤-cell disappearance that followed shortly thereafter.
The resulting phenotype, which was present at the time of diabetes onset in the homozygous mice, appears to be consistent with that of type 1 diabetes, for example, in the group of patients who do not develop detectable insulitis (45) . We therefore postulate that hA misfolding acts as a trigger for the initiation of ␤-cell destruction in such patients, since the ongoing release of amylin from residual ␤ cells (which are amylin as well as insulin secreting) must occur, thereby providing a localized autocrine cytotoxic stimulus. However, to our knowledge, the possibility that hA acts as such a trigger in type 1 diabetes has not been investigated. By contrast, prediabetic hemizygous mice are typically more insulin responsive and exhibit normal rates of insulinstimulated glucose uptake in ex vivo skeletal muscle preparations (38) . The molecular explanation for greater insulin responsiveness during the IPITT in the hemizygous animals remains to be further investigated. It is possible that increased insulin responsiveness compensates for decreased insulin levels and impaired ␤-cell function (i.e., defective glucose-stimulated insulin secretion) as indicated by RT-qPCR analysis showing decreased pancreatic mRNA levels of Ins1, Ins2, Iapp, Glut2, and Gck. Thus, the prediabetic stage in the homozygous L13 mice differed substantively from the equivalent stage in the hemizygous animals. The higher levels of hA produced in the homozygous mice before disease onset and during the early diabetic stage were most likely due to the higher copy number of the transgene in the homozygous animals, so these findings are consistent with a gene-dosage effect. Hyperamylinemia induced by hA overexpression is accompanied by hyperinsulinemia in the prediabetic stage, which could contribute to the development of insulin resistance. We have therefore demonstrated fundamental differences in the pathogenesis of diabetes caused by the variance in levels of elevation of hA between the two genotypes.
Different strains of hA-transgenic mice have been constructed by several groups, and each strain exhibits particular phenotypic characteristics (15, 34, 35, 38, 39, 46, 47) . The differences in genetic backgrounds of these different models, taken together with possible genetic background-transgene interactions and differences in hA transgene expression, could account for the between-model phenotypic variation that has been reported (14, 38) . Our hemizygous mice reported here may be closest to the homozygous mice reported by Janson et al. (15) . We found no evidence of Congo red-detectable, large, mature islet amyloid deposits in any of the homozygous transgenic mice at any stage (data not shown). This finding further supports the view that large, mature amyloid deposits per se are not necessary for the development of ␤-cell degeneration and diabetes. Instead, currently available results point to small, soluble oligomers as the probable cytotoxic forms of hA, since such oligomers (mea- Figure 5 . Representative double-immunofluorescence staining for insulin (green) and AOLIM (red; A) or hA (red; B), in which Ն30 islets were examined from homozygous and hemizygous hA-transgenic mice and corresponding age-matched, nontransgenic controls (homo-co and hemi-co, respectively), in prediabetes and mid-stage diabetes. Neither hA nor AOLIM was detected in nontransgenic control islets. Data are representative of Ն4 islets/section, 2 sections/mouse, and 4 mice/group. Scale bars ϭ 50 m. Results were normalized to a robust standard (geometric mean of mRNA levels of Ppia, Gapdh, Hprt1, and U2af) and are presented relative to corresponding nontransgenic control values, which were set at 1. Results are means Ϯ sem of 3 independent experiments, each performed in triplicate. *P Ͻ 0.01 vs. nontransgenic controls. sured as AOLIM) were clearly detectable in the islets of both the homozygous and hemizygous mice. This evidence was strengthened by our demonstration that AOLIM positivity was abrogated by pretreatment of AOLIM antibodies with an hA-oligomer-containing solution.
The oligomer-specific antibody used in the current study was raised against a preparation containing toxic A␤ oligomers (15, 24, 44) . This antibody is widely said to recognize misfolded tertiary structural properties shared in common by several pathogenetic amyloid monomers, including hA, A␤ 1-40 /A␤ 1-42 , ␣-synuclein, transthyretin, and the scrapie prion protein PrP SC , but does not recognize the monomers in their physiological conformational states or the mature fibrillar forms of these peptides (44, 48) . The specificity of this antibody to toxic hA oligomers has been evaluated by others (24, 28, 49) , and it has also been reported to protect against hA-evoked cytotoxicity in cell culture systems, pointing to a mechanism mediated by an hA-cell membrane interaction (44) . It has been used by others to detect the presence and location of hA oligomers in the islets of hA-transgenic mouse models of type 2 diabetes (24) . Moreover, although it may cross-react with other misfolded ER/Golgi proteins, including A␤ in islet ␤ cells, we detected no positive immunoreactive signals when we applied it in nontransgenic controls under our experimental conditions, thereby confirming that the AOLIM-positive signals are specific to hA-transgenic islets. The AOLIM detected in the current study may comprise various sizes and conformational states of aggregates of misfolded hA multimers with different cytotoxic potential, which could form in parallel with the different levels of hA transgene expression, as found in the homozygous and hemizygous mice. This possibility should be further examined.
In addition, it is interesting to note that, in the prediabetic hemizygous mice, levels of serum and pancreatic total amylin and mA were all increased, yet insulin was not significantly different from control values. However, mA was also increased in prediabetic homozygous mice where it was accompanied by increased insulin. The mechanism by which overexpression of hA leads to apparent increases in mA and the role this may have played in our transgenic model is not entirely clear, although it is evidently associated with increased insulin. The elevation of endogenous mA may contribute to the absence of islet amyloid, since mA has been reported to inhibit in vitro hA fibril formation (50), although direct evidence for such molecule-molecule interaction is not strong.
We further noted that AOLIM appeared not to accumulate or further assemble into large amyloid deposits, but rather that it seemed to be progressively cleared from affected islets, concomitant with ␤-cell disappearance and diabetes progression, indicating the likely existence of a clearance mechanism. Such clearance may be consistent with recent reports showing the presence of hA oligomers (particularly trimers, tetramers, octamers, and 16-mers) in the kidneys (51) and hearts (52) of patients with obesity or type 2 diabetes, as well as in hA-transgenic rats. These findings may indicate the clearance of hA oligomers from the pancreatic islets into the blood.
Transgenic mice overexpressing hA in their ␤ cells could oversecrete hA and thus contribute to its misfolding, which in turn could lead to intra-and extracellular formation of oligomers that are cytotoxic to islet ␤ cells, but not to other islet cell types. In the current study, longitudinal studies of hA oligomerization and ␤-cell death at different stages of diabetes development showed that the homozygous and hemizygous mice had different time frames from disease onset to death, which were differentially associated with elevated levels of hA transgene expression and the extent of hA oligomerization. The stage at which the maximum AOLIM occurred was different between the 2 genotypes, suggesting a separate mechanism by which hA oligomers contribute to diabetes onset and progression. Cross-sectional colocalization studies by multiple double-immunofluorescence staining for active caspase-3 with insulin, insulin with amylin, and amylin with AOLIM, showed that the time at which ␤-cell death became detectable coincided with maximum hA oligomer formation, indicating that extensive hA oligomerization could well be the direct cause of in vivo ␤-cell loss in the islets of this animal model, although the combined effects of high blood glucose could also contribute. Interestingly, AOLIM was detected in some but not all hA-or insulin-staining ␤ cells, consistent with previous reports (e.g., ref. 24 ), but the underlying mechanisms for this nonuniform distribution remain obscure. Taken together, our findings imply that, although AOLIM associates mainly with the later progression of diabetes in hemizygous mice, it could contribute mainly during the stage of disease-triggering and onset in homozygous mice.
Studies using formalin-fixed autopsy samples have provided evidence of formation of hA oligomers and aggregates in the pancreatic islets of older patients with type 2 diabetes, as well as in nondiabetic individuals in whom hA oligomers were reportedly present, either as small, intracellular, spherical puncta or large, curvilinear, extracellular structures (49) . However, it has not yet been possible to image the histopathologic changes that may occur during early development of type 1 and 2 diabetes in human islet tissue in vivo. Therefore, appropriately validated hA-transgenic models are the most practical and useful tools developed so far for preclinical investigation of the amylin-mediated pathogenesis of islet degeneration and for the modeling of possible pathogenetic mechanisms relevant to the development of experimental pharmacology for these human conditions. In this study, we characterized an hA-transgenic mouse model, wherein hemizygous mice may provide an accurate reflection of the corresponding disease process in adult patients with type 2 diabetes, and homozygous mice may provide a suitable model for studies of the triggering of juvenile-onset diabetes, which is currently increasing in incidence in many countries.
This work has limitations. For example, several major unanswered questions remain in the field of amylin in diabetes research, for which definitive answers are lacking and which have not been addressed by the work reported here. Is ␤-cell toxicity triggered in the intracellular or the extracellular space? Why is there a nonuniform distribution of amyloid and islet damage in the pancreases of patients with type 2 diabetes? What are the exact structures of the oligomers that cause ␤-cell damage and death, what are the molecular pathways that mediate this effect, and do these oligomers circulate in the blood? Why is amyloid deposited in much greater amounts in diabetic states than in nondiabetic, insulin-resistant states, in which large amounts of hA are secreted for decades without much evidence of damage from oligomers or amyloid deposition? Why does amyloid form in some insulinomas but not in others, and finally, does misfolding of amylin, an obligatory constituent of the islet ␤-cell granules that has the ability to form cytotoxic structures, contribute to the etiopathogenesis of type 1 diabetes, at least in some patient groups? Clearly, a great deal of work is needed before comprehensive answers to these very difficult questions are obtained. However, we think, based in part on the results of the current study, that these questions are of great significance for the understanding of the etiopathogenesis and development of experimental therapeutics for diabetes.
In summary, we have provided direct evidence of the existence of key variations in the diabetogenic processes that lead to the different time frames of diabetes onset and to progression in homozygous and hemizy-gous hA-transgenic mice, wherein outcomes seem to depend on the levels of elevated hA expression as well as the resulting extent of hA oligomerization. AOLIM forms in islets before the occurrence of fasting hyperglycemia, so it appears that hA oligomers do not arise merely as a result of the diabetic state, but rather that they may well be causative thereof. The current findings seem to help reconcile the results of otherwise apparently divergent reports that have recently given rise to uncertainty concerning the cytotoxic mechanisms through which hA causes ␤-cell death and diabetes. This study provides strong support for the hypothesis that cytotoxic hA oligomers, acting dose dependently, play a pivotal role in the mechanism of ␤-cell destruction and that targeting the concomitant oligomerization pathway may have therapeutic potential in preventing or ameliorating degeneration and loss of ␤ cells in diabetes. These findings have the potential to alter and improve the management of diabetes.
